Hydrogen-dependent evolution of methane from salt marsh sediments and whole-cell suspensions of Methanobacterium thermoautotrophicum and Methanobacterium formicicum ceased or decreased after the introduction of nitrate, nitrite, nitric oxide, or nitrous oxide. Sulfite had a similar effect on methanogenesis in the whole-cell suspensions. In salt marsh sediments, nitrous oxide was the strongest inhibitor, followed by nitric oxide, nitrite, and nitrate in decreasing order of inhibition. In whole-cell suspensions, nitric oxide was the strongest inhibitor, followed by nitrous oxide, nitrite, and nitrate. Consideration of the results from experiments using an indicator of oxidation potential, along with the reversed order of effectiveness of the nitrogen oxides in relation to their degree of reduction, suggests that the inhibitory effect observed was not due to a redox change. Evidence is also presented that suggests that the decrease in the rate of methane production in the presence of oxides of nitrogen was not attributable to competition for methane-producing substrates.
In anaerobic, aquatic environments rich in organic compounds (or their products, carbon dioxide and hydrogen) methane production occurs at a significant rate; methanogenic bacteria represent the terminal organisms of food chains and are an important part of the carbon cycle. Numerous measurements of standing crop and rates of production of methane in marine environments have been obtained (7, 10) , but relatively little is known about the microbial ecology of methanogenesis (i.e., factors influencing microbial methanogenesis) in aquatic and terrestrial environments, especially anaerobic marine environments. Recently, the interaction between sulfate-reducing and methane-producing bacteria in both freshwater (4) and marine (9) environments has been investigated, as has the effect of temperature on methanogenesis in freshwater sediments (15) . Also, studies of the influence of various nitrogen oxides on methanogenesis in soils have led to the conclusion that the inhibitory effect observed was due to changes in the oxidation potential and/or substrate competition (3, 8) .
The purpose of this study was to investigate the effect of nitrogen oxides on methanogenesis in a salt marsh sediment environment and in whole-cell suspensions of methanogenic bacteria (for more detailed and definitive information) and to test the hypothesis that the inhibitory effect was due to either changes in oxidation potential or to competition for substrate.
MATERIALS AND METHODS
Salt marsh sediment experiments. Salt marsh sediments were collected at Sapelo Island, Ga., using an aluminum, hand-driven corer (7.5-cm inside diameter) that sampled to a depth of about 30 cm. Fifteen-milliliter portions of an 80% slurry of these samples were suspended in sulfate-free, 25% artificial seawater (ASW) (W. L. Balderston, Ph.D. thesis, Univ. of Rhode Island, Kingston, 1974) and dispensed into 250-ml, widemouth Erlenmeyer flasks. To each flask was then added about 200 ml of sulfate and oxygen-free ASW (made anoxic by autoclaving and then cooling without exposure to air). The contents of each flask were then sparged for 20 min with carbon dioxide to remove vestiges of oxygen (producing a pH of about 5). Twenty milliliters of 1.0 M NaHCO3 was added (resulting in a final pH of 6.8), the mixtures were topped-off with sulfatefree and carbon dioxide-sparged ASW, and the flasks were closed tightly with a butyl rubber stopper with care that no air bubbles were trapped inside. A portion of the ASW in each was then replaced with 140 ml of hydrogen, leaving a final liquid volume of 120 ml in each flask. ASW replacement was accomplished by the injection of hydrogen through the rubber stopper while permitting the same volume of ASW to escape from the flask.
The flasks were covered with aluminum foil to exclude light, shaken vigorously by hand for 2 min, attached to a manometer, and incubated at 30°C without further shaking. Each flask was attached to 264 a simple S-shaped glass manometer containing 20% NaCl as the manometer fluid. The connection was completed with an 18-gauge metal hypodermic needle inserted through the rubber stopper capping the flask. The atmosphere of each flask was sampled at regular intervals for methane by thrusting a hypodermic needle attached to a gas-tight syringe through the rubber cap and withdrawing a sample. Occasionally, carbon dioxide and hydrogen contents were sampled as well (to assure continual excess of both). Gas consumption was offset daily by the addition of hydrogen. This procedure provided relatively anoxic flasks containing about 50 ml of sediment slurry that actively produced methane in 5 con- tained no detectable quantity of oxygen (limit of sensitivity of the analytical method used was 21 nmol) were used as they came from the pressurized tanks. ASW and air were provided as blank controls for the liquid and gaseous inhibitors, respectively. After sediment flasks showed a constant rate of production of methane, test inhibitor and control solutions and gases were added anaerobically to give the desired final concentration in the flasks. The total volumes of the test inhibitor and control solutions and gases added were the same in each experiment. These volumes were 1.2 ml for liquids and 1 to 5 ml for gases.
Experiments involving nitrate and nitrite were repeated five times using sediments collected at different times from the same general location in the salt marsh. Those involving nitrous oxide were repeated four times, and those involving nitric oxide were repeated twice.
Whole-cell suspension experiments. Methanobacterium thermoautotrophicum was mass cultured as previously described by Zeikus and Wolfe (16 Na2SO3) or control (KCI or NaCl) solution were placed in 6-ml glass vials and stoppered with rubber serum-bottle stoppers. The reaction vessels were flushed with oxygen-free nitrogen at a flow rate of 10 to 15 ml/min for 15 min, and then the atmosphere was replaced with an oxygen-free H,-CO2 (80:20) gas mixture. When appropriate, the gaseous nitrogen oxides were added at this point in the procedure. Reaction mixtures containing M. thermoautotrophicum were shaken in a 60°C water bath, whereas those containing M. formicicum were shaken at 37°C in a water bath. Anaerobically, 100 ,ul of cell suspension was added to each reaction mixture (zero time)
to give a total reaction mixture of 215 1,u, and the analysis for methane was begun.
Experiments using M. thermoautotrophicum were run twice for all the inhibitors tested. Experiments involving M. formicicum, nitrate, and nitrite were run twice, whereas those testing nitrous oxide and sulfite were run once.
Gas chromatography. Carbon dioxide and hydrogen in the head space of the reaction vessels were sampled using Glaspak (Becton-Dickinson & Co.) gas-tight syringes. The samples were injected into an F and M model 700 gas chromatograph equipped with a Porapak Q column and a thermal conductivity detector with helium as the carrier gas (1). Methane in identical samples was measured using an F and M model 400 gas chromatograph equipped with a Porapak Q column (6 ft by 0.25 in) and a flame ionization detector with the column at ambient temperature and helium as the carrier gas. The methane content of the atmosphere over whole-cell suspensions was determined with a Varian aerograph 705 gas chromatograph equipped with a flame ionization detector. Helium served as carrier gas, and a column (6 ft by 0.25 in) of silica gel (80 to 100 mesh) was employed. RESULTS Salt marsh sediments. Introduction of nitrate and nitrite into salt marsh sediment systems that were actively producing methane suppressed methanogenesis (Fig. 1) . The all. This is true of all the data presented in this paper.
The presence of nitric oxide and nitrous oxide also decreased the rate of methanogenesis in these systems (Fig. 2a) . At similar concentrations, nitrous oxide inhibition lasted longer than did nitric oxide inhibition. In addition, the diminished rate of methane production was directly related to the measured amount of nitrous oxide present in the atmosphere over the sediment slurry (Fig. 2b) . Between 2 and 5 days after the introduction ofnitrous oxide, the average concentration of nitrous oxide was 0.001 atm (0.06 mM). Seven days after its introduction the amount of nitrous oxide had decreased, but as little as 0.0004 atm (0.02 mM) was still completely curbing methanogenesis. After 12 days of incubation the nitrous oxide disappeared, and methane was then produced at an increasing rate. In contrast, the introduction of an equal amount (as much as 5 ml) of air as a control did not even slightly affect methane production.
The resazurin became colorless in the cysteine-supplemented nitrate solution but remained light pink in the cysteine-supplemented nitrite solution. The addition of increased amounts of cysteine (up to 1.0%) to the nitrite inhibitor solution did not make the solution colorless. Nitrate and nitrite solutions not supplemented with cysteine were light blue and light pink, respectively. Resazurin is an indicator conventionally employed in studies of methanogenesis but useful only if the oxidation-reduction potential rises well above that tolerable by methanogenic bacteria. That did not occur in the present study, and, in any event, the solutions of nitrate and nitrite (10 mM final concentration in the sediment slurry) that were either supplemented or not supplemented with cysteine produced indistinguishable inhibitory effects (Fig. 3) .
Whole-cell suspensions. The ability of whole cells of M. thermoautotrophicum to produce methane was decreased by the presence of both nitrate and nitrite (Fig. 4) . Nitrite was the stronger of the two, causing almost complete suppression at a concentration of 0.9 mM, whereas 10 times that concentration of nitrate resulted in a decrease of only about 30%. There was no significant difference in the rate of methanogenesis in the control flasks supplemented with KCl and distilled water. The rate of methane production by whole-cell suspensions of M. thermoautotrophicum was also decreased by the addition of nitric oxide, nitrous oxide, and sulfite (Fig. 5) . Addition of both concentrations of nitric oxide, 0.009 atm (0.4 mM) and 0.044 atm (1.9 mM), resulted in complete inhibition, whereas 0.044 and 0. oxide of nitrogen, eliminating activity at both concentrations tested. However, with the exception of nitrous oxide, all the inhibitors tested exerted stronger effects on M. formicicum than on M. thermoautotrophicum. The presence of both 0.9 mM and 9.3 mM concentrations of sulfite yielded 100% inhibition, whereas only the provision of 9.3 mM nitrate caused 100% inhibition. The He and KCl control systems behaved similarly for both organisms. DISCUSSION Ongoing methane production may be regulated in nature or in a fermenter by factors other than oxygen tension. Individual introduction of each of the oxidants utilized by denitrifying bacteria (nitrate, nitrite, nitric oxide, and nitrous oxide) decreased the rate of methanogenesis in both salt marsh sediment systems and in whole-cell suspensions of methanogenic bacteria. Nitrite was the stronger of the two VOL. 32, 1976 ionic inhibitors in both systems. Nitrous oxide exerted a stronger influence than nitric oxide in the sediments, but the reverse was true in whole-cell suspensions. However, both gases exerted a strongly inhibitory effect. In both types of systems, the gaseous nitrogen oxides caused a greater decrease in methanogenesis than did the ionic oxides of nitrogen. In general, both types of systems behaved in a similar manner when the inhibitors were introduced, and neither the ASW nor the air control injection diminished methanogenesis.
The lag in the onset of inhibition ( Fig. 1 and  2 ) may have resulted from slow diffusion of the inhibitors into the sediments or possibly from acetate-dependent methane production that may not be similarly inhibited by the nitrogen oxides (a separate study of this prospect is planned). In some experiments the length of the lag was shorter (Fig. 3) . However, comparison of the rates of methanogenesis in the treated and control systems for a long time after the treatment demonstrated (by diminished rates) the inhibitory effect of the nitrogen oxides. Bollag and Czlonkowski (3) found the reverse order of inhibition by oxides of nitrogen in soil systems, with nitrate the strongest suppressor. They hypothesized a direct relationship between the oxidation state of the compound introduced and its inhibitory effect. In contrast, our findings indicated an inverse relationship (i.e., the more reduced the nitrogen oxide, the greater its suppressive effect). Bollag and Czlonkowski (3) provided glucose as electron donor, and the effects they report may thus have been related to differential rate of production rather than use of hydrogen and carbon dioxide in the presence of the nitrogen oxides. Since we provided an excess of the two essential substrates for methanogenesis in both the sediment and whole-cell experiments, the changes we saw seem more likely to be restricted to inhibition of the activity of some component of the methanogenic enzyme complex itself.
The results of our experiments using the oxidation potential indicator resazurin possibly lend further support to the proposed hypothesis that the negative effect on methanogenesis observed here was not attributable simply to an increase in the oxidation potential of the test system. Resazurin is routinely used by workers in this field as a rough indicator of oxidationreduction potential in media for the growth of methanogenic bacteria and other strict anaerobes (5 ferent from the effects previously noted (12) . Recently, it has been shown that acetylene stops methane evolution from rice field soil (13) and marine sediments (11) . Those are interesting chemical phenomena that will be useful in interpreting data on nitrogen fixation. However, the effect, and the evidence of the nature of the effect, reported here seem to have broader implications in terms of the microbial ecology of methanogenic bacteria, and thus the carbon cycle, in the salt marsh. As a common pollutant there, the effect of nitrate and its reduced (through denitrification) products on the carbon cycle must be considered in formulating future designs for experiments with anaerobic marsh material. Further investigations of the interrelationships between natural levels of oxides of nitrogen and concurrent rates of methanogenesis are needed.
